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Abstract
Pigeonpea with limited genetic diversity in the cultivated gene pool, long
crop cycle, almost negligible public funding support to research as
compared to other food crops remained an orphan crop. However, the
development of extensive genetic stocks and genomics resources in recent
years has made signiﬁcant advances in pigeonpea research. Although
genome sequence, genetic maps and a large set of markers allowed
genome-wide identiﬁcation of marker–traits associations and their
deployment in breeding programs, there is a need for concerted
community efforts to accelerate genetic gains in the crop breeding
programs. This chapter proposes the use of a number of approaches that
may be targeted by pigeonopea research community so that superior
varieties or hybrids can be developed and disseminated to farmers in
relatively short time. This will help to enhance the income of farmers as
well as contributing to the food, nutritional and environmental sustain-
ability in developing countries.
10.1 Introduction
More than 100 pigeonpea varieties and three
hybrids (ICPH 2671, ICPH 2740 and ICPH 3762)
have been released for cultivation (Singh et al.
2005; Saxena 2015), and thousands of germplasm
accessions are present in the genebanks (Upad-
hyaya et al. 2006). However, the actual yield
potential of pigeonpea has not been realized in
farmers’ ﬁelds (Mula and Saxena 2010). As dis-
cussed in many earlier chapters in this book, the
yield levels remain stagnated during last seven
decades. Moreover, the poor understanding of
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genetics of many complex traits and limited con-
certed efforts in pigeonpea research and develop-
ment has also been a contributing factor to develop
the varieties and hybrids in relatively long time
and with limited advantages over existing
varieties/hybrids. Although hybrid technology has
shown promise in elevating the yield levels in
pigeonpea, its adoption has been limited to con-
ﬁned regions (Saxena et al. 2013). Very recently,
new genomics approaches such as structural and
functional genomics have started to enhance our
understanding of genetic architecture of different
traits in pigeonpea. Further, the advances in
sequencing technologies have opened new
opportunities for using a number of strategies to
understand the complex traits and address the
production constraints by developing new culti-
vars at a rapid pace. Therefore, in this chapter, we
are highlighting futuristic approaches that can be
used to enhance the genetic gains in pigeonpea
breeding programs.
10.2 Genome Sequencing
and Re-sequencing
Limited genetic diversity in crop species like
pigeonpea poses threat to the crop to be more
vulnerable to diseases, insect pests and climate
change. Therefore, it is highly essential to con-
tinuously characterize and introduce novel
genetic variations in crop breeding programs.
This can be achieved by introducing mutants,
landraces and wild species accessions related to
the cultivated crop in breeding programs. How-
ever, linkage drag associated with favourable
alleles in landraces and wild species accessions
hindered their effective use in crop improvement
(Sharma et al. 2013). The availability of next
generation sequencing (NGS) and draft genome
sequence in pigeonpea provides unique oppor-
tunities for exploring nucleotide-level diversity
in cultivated, landraces and wild species acces-
sions and its relationship to phenotypic diversity
(Varshney et al. 2012). Re-sequencing of germ-
plasm accessions will provide a better under-
standing of existing genetic diversity, associating
gene(s) with phenotypes and exploiting natural
genetic diversity to develop superior genotypes
(Varshney et al. 2017). Few recent efforts as
mentioned in the book chapters of re-sequencing
pigeonpea reference set, hybrid parental lines and
parental lines of mapping populations are
underway. However, these efforts need to be
enhanced exponentially and probably the entire
germplasm collections stored in different gene-
banks should be sequenced. Ideally, we would
like to see de novo genome assembly for each of
the available Cajanus species and then
re-sequencing data for all accessions. Further to
use this information effectively, it is also
important to have extensive phenotypic data on
these collections so that appropriate marker–trait
associations can be established.
10.3 Trait Mapping
We propose to undertake trait mapping in
pigeonpea as mentioned in the following
sections:
i. Prioritization of traits
In order to enhance crop productivity,
pigeonpea research community is always
concerned for multiple traits related to yield
and quality. Besides these traits, research is
also focused on biotic and abiotic stresses to
provide stability. It is important to prioritize
traits as per the availability of human and
ﬁnancial resources in a given breeding
program. Keeping this aspect in considera-
tion, we have grouped target traits into three
categories (Table 10.1). Category (Cat) 1
traits include immediate (5 years) need
traits, Cat 2 traits are long-term (10 years)
needs traits and Cat 3 are important traits
but difﬁcult to breed (>10 years). Therefore,
high priority in implementation should be
given to Cat 1 and 2 traits. For Cat 3 traits,
consortium mode approach should be fol-
lowed by bringing advanced research insti-
tutes and universities together.
ii. Rapid detection of markers associated with
traits
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To improve pigeonpea lines for “must have
traits” as mentioned above through
genomics-assisted breeding approaches,
identiﬁcation of traits-associated
markers/genomic regions/quantitative trait
loci (QTLs) or candidate genes are prereq-
uisite. Once a marker (or candidate gene)
associated with target traits is identiﬁed and
validated; marker-assisted selection (MAS),
marker-assisted backcrossing (MABC) or
early generation screening (EGS) can be
deployed for precise and rapid development
of improved cultivars. Traditional QTL
mapping approach involves identiﬁcation of
parental polymorphisms and genotyping the
populations with polymorphic markers in
time-consuming and resource intensive
manner (Abe et al. 2012). Another common
trait mapping approach is bulked segregant
analysis (BSA) where marker screening on
the extreme bulks and parents provides
trait-associated markers (see Semagn et al.
2010). With the advantage of NGS tech-
nologies and draft genome sequence, rapid
trait mapping has been performed for
sterility mosaic disease (SMD) and fusar-
ium wilt (FW) (Singh et al. 2015, 2017).
These approaches depend on extreme bulks
and NGS to even provide markers for
qualitative and quantitative traits. We
anticipate in future, heavy use of
NGS-based BSA approaches for rapid and
accurate trait mapping.
iii. High-resolution mapping
Other than bi-parental mapping populations,
multi-parents mapping populations such as
multi-parents advanced generation
inter-cross (MAGIC) and nested association
Table 10.1 List of the traits on the basis of Cat 1 immediate (5 years) need, Cat 2 long-term (10 years) needs and Cat
3 important but difﬁcult to breed (>10 years)
Trait Immediate attention (Cat 1) Long-term attention (Cat 2) Difﬁcult, but important (Cat 3)
Early maturity group Super earlya Pod borerc Photo-insensitivitya
Large seeda Phytophthorad Races of phytophthorad
High yielda Water-loggingd
Indeterminateb
Flowering timea
Wide adaptationa
Stable fertility restorersb
Primary branchesa
Cleisto flowera
Medium/late maturity group Fusarium wilt resistanceb Races of fusarium wiltd Photo-insensitivitya
Sterility mosaic resistanceb Races of sterility mosaicd Drought tolerancea
High yielda Phytophthorad Races of phytophthorad
Cleisto flowera Rapid growthd High proteina
Flowering timea Pod borerc
Hybridity testb New CMSa
Diverse fertility restorersa
Primary/secondary
branchesa
Obcordate leaf shapea
aGenomics interventions ongoing
bGenomics interventions have reached to advanced stages and providing inputs in regular breeding program
cTransgenic approaches required
dTarget traits for implementing systematic genomics approaches along with other disciplines
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mapping (NAM) populations are being
developed in pigeonpea for high-resolution
mapping at ICRISAT. These family-based
populations can be used for precise marker
trait association following either individual
or combination of genome-wide association
studies and QTL mapping. MAGIC popu-
lation in particular is useful for gene-trait
association at higher resolution (Huang
et al. 2012). On the other hand, NAM has
advantage in identifying QTLs governing
complex traits with higher phenotypic
variation (McMullen et al. 2009). The
selection of parental lines in developing
MAGIC and NAM populations, however,
plays an important role. RILs developed
after this multi-dimensional crossing will
have genetic architecture from a number of
elite cultivars (crossing parents) and pro-
vides opportunity to evaluate them for must
have traits. In summary, this multi-parental
populations-based mapping approach will
provide accurate means of tagging traits as
well line with enhanced genetic diversity (in
the case of MAGIC). In our opinion, efforts
should also be directed towards utilization
of the genetic variations and useful traits
existing in many wild relative species of
pigeonpea. In this direction, few introgres-
sion lines (ILs) have been developed at
ICRISAT. However, there is still a scope to
move towards backcross inbred lines
(BILs), chromosome segment substitution
lines (CSSLs), stepped aligned inbred lines
recombinant strain (STAIRS) by using
exotic/unused material.
10.4 Functional Genomics
After developing comprehensive transcriptome
assemblies (Kudapa et al. 2012) and draft gen-
ome sequence (Varshney et al. 2012), there was a
need to correlate and complement the genome
information to the gene expression that is mod-
ulated in a temporal and spatial manner. In this
direction, a very ﬁrst step has been accomplished
by developing a gene expression atlas for
pigeonpea (Pazhamala et al. 2017). This will be
helpful in studying the genes expressed in spe-
cialized tissues/organ system in pigeonpea. Fur-
ther to harness the power of natural variation at
tissue level in terms of protein and metabolites,
the functional genomics should move towards
the development of proteome and metabolome
maps in pigeonpea. The protein and metabolic
differences among tissues within a plant offer
another source of variation that can be harnessed
in the quest to understand gene function and
tackling constraint related to crop improvement.
10.5 Next Generation Breeding
Majority of the present breeding programs
mainly rely on phenotypic selection in standard
breeding schemes. Few initiatives have been
taken in pigeonpea improvement programs to
take genomics inputs (marker-based purity test-
ing in hybrids and parental lines; DNA ﬁnger-
printing, etc.) for enhancing the precision.
Recently, GAB for introgression of SMD and
FW resistance in elite varieties has also been
started at ICRISAT. The availability of draft
genome, re-sequencing data, NGS,
bio-informatics advances and phenotyping plat-
forms provide opportunities to take pigeonpea
improvement program a step forward to move
towards the next generation breeding. Recent
drop in marker genotyping cost (lower cost per
data point) will make next generation breeding
possible in pigeonpea. These advances will
enable breeders to select the most appropriate
allele combinations for a number of traits
(especially for must have traits) simultaneously
at early generation and facilitating their intro-
gression from landraces or wild species acces-
sions into elite cultivars while avoiding the risk
of linkage drag.
The use of genomic selection (GS) is
becoming feasible in many crops (Zhao et al.
2015). GS is expected to help to design new
genotypes based on genome-wide proﬁling in a
cost effective and relatively fast way. In partic-
ular, pigeonpea hybrid breeding program, GS
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model can be designed for developing heterotic
groups of parental lines. This will improve the
chances of developing high-yielding better
hybrids and parental lines. Once established, GS
will eliminate the need for multi-location ﬁeld
testing at each generation and efforts in line 
tester crossing. Though we understand that
genetic resources, from elite cultivars to lan-
draces and wild species accessions, will remain
the foundation of pigeonpea improvement, we
expect that in near future the use of NGS or
high-throughput genotyping for EGS, GS,
MABC and MAS will be accelerated. In parallel,
new genome engineering approaches such as
genome editing will also be very useful as and
when causal nucleotide affecting the trait is
identiﬁed.
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